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Abstract 


In this study, Co-modified Pt/C catalysts were prepared by chemical vapor deposition (CVD) of Co on Pt/C. The performance of these catalysts 
as a cathode in proton exchange membrane fuel cells (PEMFCs), evaluated by a half-cell test, was compared with that of catalysts prepared using 
the conventional impregnation (IMP) method. The activity of the catalysts for oxygen reduction reaction (ORR) changed showing a maximum 
with the amounts of added Co and temperatures used for annealing the catalysts. 

The amount of Co needed to produce the maximum activity was smaller for the catalysts prepared by CVD ((Co/Pt)cyp = 0.2) than those prepared 
using the IMP method ((Co/Pt)mp = 1.0). Furthermore, the maximum activity of the catalysts prepared by CVD was 1.5 times higher than for the 


catalysts prepared by IMP. 


The ORR activity of the IMP catalyst was degraded by 65% after the corrosion test for 6000 s, which was largely attributed to Co dissolution in 
the acidic solution, whereas the CVD catalyst showed only 36% degradation. The higher corrosion resistance of the CVD catalyst was attributed 
to the more intimate Co interactions with the Pt surface than in the catalyst produced using the IMP method. 


© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


Catalysts for proton exchange membrane fuel cells (PEM- 
FCs) are generally evaluated by their activity as a reduction 
electrode (cathode). This is because the oxygen reduction reac- 
tion (ORR) on the electrode has a significant effect on the 
fuel cell performance [1-8]. There have been many studies on 
Pt alloy catalysts, which show improved activity and stability 
in the ORR compared with Pt-only catalysts. Jalan and Tay- 
lor [2] attributed the improved performance of Pt alloys as an 
electrode in phosphoric acid fuel cells (PAFCs) to the shorten- 
ing of the Pt—Pt interatomic distance induced by alloying. The 
same phenomenon was reported by Mukerjee and Srinivasan 
[3]. Watanabe et al. [4] examined well-defined Pt—Co alloys in 
PAFCs, and reported that alloys with a disordered structure have 
a higher catalytic activity that is maintained for a longer period 
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than those with an ordered structure. On the other hand, Toda et 
al. [5] suggested that an increase in the extent of 5d vacancies 
on the Pt surface, which was induced by the addition of transi- 
tion metals to the catalyst, led to increased O2 adsorption and 
a weakening of the O-O bonds on the surface, resulting in an 
increased ORR rate. This view was recently supported by Paulus 
et al. [6] who reported that an oxide layer formed on the Pt sur- 
face was easier to reduce, as observed by voltammogram, and 
consequently the ORR activity was increased for the Pt alloy 
catalysts. 

Another concern in the development of Pt alloy catalysts 
in fuel cells is the dissolution of the added promoter com- 
ponents in the acidic matrix of the cells, which eventually 
degrades the activity of the alloy catalysts [9-18]. Pourbaix 
diagrams [10] indicate that most transition metals, including 
Co, Cr, Fe, Ni and Cu, are readily soluble in an acidic elec- 
trolyte under PEMFC operation conditions. Each metal cation 
resulting from dissolution can easily exchange with a proton of 
the perfluoro-sulfonic acid (PFSA) membrane/ionomer [11-13]. 
Similar results were recently observed by Yu et al. [14] for Pt-Co 
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alloys. Col6n-Mercado et al. [15,16] monitored the corrosion of 
metal components and changes in the Pt surface area for Pt and 
Pt alloy catalysts using an accelerated durability test (ADT). 
Mukerjee and Srinivasan [17] suggested that the alloy needs to 
be pre-leached prior to use as a PEMFC electrode in order to 
minimize contamination of the membrane electrode assembly 
(MEA) during operation. 

Impregnation, which is a general method for preparing the 
catalyst, involves the promoter component being deposited onto 
a carbon support as well as on Pt. Hence, the performance of the 
Pt alloy catalysts prepared by this method does not always vary 
in proportion to the amount of promoter added. In addition, the 
catalyst performance is affected by many parameters, such as the 
Pt particle size, the stoichiometric composition of the Pt alloy, 
and the degree of alloying. Accordingly, a systematic study is 
needed to determine a suitable methodology for preparing cata- 
lysts in a manner that their properties are precisely controlled. 

This study attempted to enhance the performance and sta- 
bility of PtCo/C for use as a cathode in PEMFCs by preparing 
the catalyst using a chemical vapor deposition (CVD) method, 
which allows the selective deposition of Co on the Pt surface as 
well as the control of the amounts of Co introduced to the sur- 
face. The electrocatalytic activity of the prepared catalysts was 
investigated with regard to the Co loading and the heat-treatment 
temperatures. 


2. Experiments 
2.1. Preparation of PtCo/C catalysts 


Co was deposited on the surface of a 10 wt% Pt/C cata- 
lyst (Johnson Matthey Co., 120 m? g7! Pt) using an atmospheric 
CVD apparatus (as shown in Fig. 1). CoCp(CO)2 (Dicarbony]- 
cyclopentadienyl cobalt, Aldrich), which is a red liquid with a 
vapor pressure of 0.5 Torr at room temperature [19], was used 
as the Co precursor in the CVD process. 

The CoCp(CO)2 vapor obtained at room temperature was 
introduced into the reactor containing the pre-reduced Pt/C 
catalyst in a flowing hydrogen stream diluted with nitrogen 
(H2/N2 = 1) for different periods. The catalyst containing the 
adsorbed Co precursor was then heated to 300°C for 1h ina 


R 
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Fig. 1. Schematic diagram of an in situ gas IR cell. 


flowing hydrogen-nitrogen stream in order for the Co precursor 
to be decomposed on the catalyst surface. The chemical species 
in the exit stream of the treatment chamber were monitored by 
FT-IR spectroscopy (Jasco, FT/IR-3008), and the quantity of the 
individual elements contained in the sample catalysts were ana- 
lyzed by inductively coupled plasma-atomic emission spectrom- 
etry (ICP-AES: Shimadzu, ICPS-1000IV). After Co deposition, 
the catalyst was treated in a flowing hydrogen—nitrogen stream 
(H2/N2 = 1/5) at temperatures up to 800°C for 1h in order to 
allow the added Co form a PtCo alloy. The catalyst prepared 
using the above procedure is designated as PtCo(C)/C in this 
paper. A reference PtCo/C catalyst, designated as PtCo(D/C, was 
prepared by impregnating 10 wt% Pt/C (Johnson Matthey Co.) 
with CoCly-6H2O (Cobalt(II) chloride hexahydrate, Aldrich), 
followed by heat-treatment under the same conditions described 
above. 


2.2. Activity and stability 


The electrochemical activity of the electrode prepared using 
the Co-modified Pt/C catalyst was tested in a half-cell under 
the condition of PEMFC operation. The sample catalyst was 
mixed with a slurry containing isopropyl alcohol and 30 wt% 
PTFE (polytetrafluoroethylene, Aldrich), the slurry containing 
the catalyst was pressed onto carbon paper (E-TEK), which was 
thermally treated at 350°C for 15 min in an inert gas before 
its final conversion to an electrode [20,21]. The Pt loading was 
approximately 2 mgp, cm”, which was higher than one for the 
state-of-the-art cathode of PEMFC, ca. 0.4 mgp; cm, because 
the active area of the electrode for the half-cell tests in this study 
was very small, 0.78 cm?. That is, the high Pt loading was used 
such that the amounts of Co dissolved in electrolyte, particularly 
from PtCo (CVD), could be quantitatively analyzed by ICP- 
AES. 

The performance of the prepared electrode was determined 
using a half-cell test. This test was carried out using pure oxy- 
gen dissolved in 1 M H2S0;3 at 60°C and the cell potential 
was controlled with a potentiostat (EG&G, M263) [22-24]. The 
maximum current density was obtained within a few hours. The 
mass activity, which is defined as the current per unit mass of 
platinum contained in the electrode, was determined at 0.9 V, 
using a reversible hydrogen electrode (RHE) as a reference. 
The stability of the Co-modified Pt/C catalyst was examined 
by measuring the amount of the catalyst components dissolved 
in sulfuric acid after an extended period. The dissolved metal 
ions were analyzed by ICP-AES. 


2.3. XRD, TEM and EDS 


The average size of the Pt particles in the catalysts was esti- 
mated by X-ray diffraction (XRD: Rigaku, 12kw-XRD) using 
Cu Ka 1.5405 A radiation. The XRD peaks were assigned based 
on the database of the Joint Committee on Powder Diffraction 
Standards (JCPDS), and the lattice parameter (a) was determined 
for Pt(1 1 1) [25]. 

Transmission electron microscopy (TEM: JEOL, JEM 
3000F) was used to observe the particle sizes directly for 
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each sample. The chemical compositions of the equivalent- 
sized alloy particles from the same regions were analyzed by 
energy-dispersive X-ray spectroscopy (EDS: Oxford, QX-2000) 
attached to the TEM/STEM. The spot size of the probe (<1.4 nm) 
was sufficiently small enough to detect the signal from a single 
particle. 


3. Results and discussion 
3.1. Selective decomposition of CoCp(CO)2 on Pt 


Fig. 2 shows the FT-IR spectra of the gaseous streams at the 
exit of the reactor, which were obtained after the CoCp(CO)2 
vapor had been introduced into the reactor for a pre-determined 
period and subsequently flushed with an H2—N2 mixture. The 
spectrum for “bypass” in the figure represents the case when 
the CoCp(CO)2 stream bypassed the reactor, and should be the 
same as for pure CoCp(CO)2 [26,27]. 

When the reactor contained the carbon support, the spectrum 
was similar to that in the bypass case, except for a slight decrease 
in the overall peak intensity, which indicated that CoCp(CO)2 
had not decomposed on the carbon. On the other hand, when 
the reactor contained Pt/C, the intensity of the ./(C—O) peaks 
observed at approximately 2000 cm7! was significantly lower, 
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Fig. 2. (1). FT-IR spectra of gas streams at the exit of a reactor containing carbon. 
Feed = CoCp(CO) 2; room temperature; (a) feed bypasses the reactor; (b) feed 
flows through the reactor for 5 min. (2) FT-IR spectra of gas streams at the exit 
of a reactor containing Pt/C. Feed=CoCp(CO)2; room temperature; (a) feed 
bypasses the reactor; (b) feed flows through the reactor for 5 min. 
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Fig. 3. The amounts of Co deposited on carbon (W) or Pt/C (a), and the Co/Ptpuik 
ratio (A) in Pt/C. Co was deposited on the sample by flowing a mixture of H2 
and CoCp(CO), through the reactor at room temperature, followed by annealing 
the sample in H2/N2 = 1/1 atmosphere at 300°C for 1h. 


and a new peak was observed near 2300cm7!, which was 
assigned to CO2. The CO2, which is formed by a reaction 
between the CO ligands of CoCp(CO)»2 and/or between the CO 
ligand and the surface intermediates in the form of M=CHOH 
[28], indicates that the Co precursor decomposed on Pt/C. The 
Co-Cp bond is less stable than the bonds in the Cp ring itself. 
Therefore, Co-containing species are likely to be decomposed to 
metallic Co after the post-treatment in H2 at 300°C for 1h due 
to dissociation of the Co—Cp bond, [19,29]. The amounts of the 
Co species remaining on either Pt/C or carbon after the above 
steps were measured using ICP-AES, and the results are shown 
in Fig. 3. The amount of Co deposited on Pt/C ranged from 0.1 to 
0.8 wt% and increased with increasing deposition time. On the 
other hand, there was very small amount of Co on carbon even 
after 15 min deposition. This means that Co deposits selectively 
on Pt. 


3.2. Activity of PtCo/C 


Fig. 4 shows the mass activity of the sample catalysts, 
PtCo(I)/C and PtCo(C)/C. The mass initially increased with 
increasing Co/Pt atomic ratio but eventually decreased at the 
ratios higher than an optimum value. This trend is the same as 
that reported in a previous study [5]. The maximum activity of 
PtCo(C)/C was obtained at Co/Pt = 0.2, which is approximately 
3.9 times higher than that of PtCo(I)/C obtained at a Co/Pt ratio 
of 0.5. The activity of the alloy catalysts is strongly affected 
by their annealing temperature [30-32]. Therefore, this study 
examined the changes in the activity of the above catalysts as 
a function of the annealing temperature. Fig. 5 shows that the 
maximum activity of PtCo(C)/C, 9.9A g7! pt, is higher and was 
obtained at a lower annealing temperature, 600°C, than that of 
PtCo(D/C. 

These results suggest that there is more surface modification 
of the Pt surface in the PtCo(C)/C catalyst by the deposited Co 
than in the PtCo(I)/C catalyst. In order to further examine this 
phenomenon, the changes in the Pt lattice constant and the aver- 
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Fig. 4. Changes in the mass activities of PtCo catalysts with the Co/Pt atomic 
ratio. All catalysts were annealed in H2/N2 = 1/1 atmosphere at 300°C for 1h. 
The activity test for oxygen reduction was conducted at 0.9 V vs. NHE in 1M 
H2SOq4 at 60°C for 4000 s. (A) PtCo(C)/C; (W) PtCo(D/C. 


age Pt particle size of the catalysts estimated from the XRD 
patterns were monitored as a function of the annealing temper- 
ature. Fig. 6 shows that the lattice constant decreased initially 
with increasing annealing temperature showing a minimum at 
approximately 600 °C but eventually increased thereafter. The 
decrease in the lattice-constant was greater for the catalysts 
containing a larger Co loading. Unlike the case of the lattice 
constant, the Pt particle size was relatively unaffected by the 
annealing temperature up to 600°C regardless of the catalyst 
types and compositions but increased significantly at tempera- 
tures higher than 600 °C. 

According to Fuller et al. [33], the lattice constant of an alloy 
formed between Pt and a common promoter, e.g. Co or Cr, is 
lower than that of Pt due to differences in the atomic radii. For 
example, the atomic radius of Co is 0.125nm and that Pt is 
0.139 nm. 
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Fig. 5. Changes in the mass activities of PtCo catalysts with the heat-treatment 
temperature. All catalysts were annealed in H2/N2 = 1/5 atmosphere at different 
temperatures for 1h. The activity test for oxygen reduction was conducted at 
0.9 V vs. NHE in 1 M H280; at 60°C for 4000s. (a) Pt alone; (b) PtCo(I/C, 
Co/Pt = 0.5; (c) PtCo(1)/C, Co/Pt = 1; (d) PtCo(C)/C, Co/Pt = 0.1; (e) PtCo(C)/C, 
Co/Pt=0.2. 
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Fig. 6. Changes in the lattice constant (solid) and the particle size (hollow) of 
PtCo catalysts with the Co/Pt atomic ratio. Lattice constants of Pt were esti- 
mated from the XRD peaks of Pt(1 1 1). (a) PtCo(I)/C, Co/Pt = 1; (b) PtCo(1)/C, 
Co/Pt =0.5; (c) PtCo(C)/C, Co/Pt = 0.2; (d) PtCo(C)/C, Co/Pt =0.1; (e) Pt alone. 


Watanabe et al. [4] suggested that the thermodynamic sta- 
bility of the ordered structure of PtCo alloy decreases with 
increasing annealing temperature above 650°C, which might 
lower the intermetallic interaction between Co and Pt. Fig. 6 
suggests that the reduction in the lattice constant at temperatures 
<600 °C was due to the formation of a Pt-Co alloy rather than to 
changes in the Pt particle size. On the other hand, the lattice con- 
stant increases with increasing temperature above 600°C due to 
the disordering of the alloy structure, as suggested by Watanabe 
[4]. Therefore, the activity of PtCo alloy catalysts, as shown in 
Fig. 5, is closely related to structural changes in the PtCo alloy 
according to the Co content and annealing temperatures. 


3.3. Deactivation of catalysts 
Fig. 7 shows the extent of activity degradation for the 


two catalysts prepared by the impregnation and CVD meth- 
ods, i.e. PtCo10(1)650 (Co/Pt=1, annealed at 650°C) and 
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Fig. 7. Changes in the mass activities of PtCo catalysts with the reaction time. 
All catalysts were annealed in H2/N2 = 1/5 atmosphere at different temperatures 
for 1 h. The activity test for oxygen reduction was conducted at 0.9 V vs. NHE in 
1 M H2SO0; at 60°C. (a) PtCo10(1)650:PtCo(1)/C, Co/Pt = 1, annealed at 650 °C; 
(b) PtCo02(C)600:PtCo(C)/C, Co/Pt=0.2, annealed at 600 °C. 
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Fig. 8. XRD patterns of PtCo catalysts before and after activity test. The activity 
test for oxygen reduction was conducted at 0.9 V vs. NHE in 1 M H2SO4 at 60°C 
for 6000 s. (a) and (ay are before and after the test of PtCo10(1)650 (PtCo(I)/C, 
Co/Pt= 1, annealed at 650 °C), respectively, and (b)’ are before and after the test 
of PtCo02(C)600 (PtCo(C)/C, Co/Pt = 0.2, annealed at 600 °C), respectively. 


PtCo02(C)600 (Co/Pt=0.2, annealed at 600°C), as a func- 
tion of the reaction time. The two catalysts were selected 
because they showed the maximum initial activity among 
the catalysts of the specific types (Fig. 5). The mass activ- 
ity of PtCol0(1)650 decreased by approximately 65% (from 
11.5A gp. to4.1A ga) after a reaction for 6000 s. In contrast, 
the mass activity of PtCo02(C)600 decreased by approximately 
36% (from 13.2 A gp; to 8.4 A gp). 

Fig. 8 shows the XRD patterns of the catalysts before and 
after the reaction test for 6000s. In the case of the unmodified 
Pt/C, the peaks associated with the Pt(1 1 1) and (200) planes 
were observed at 39.7° and 46.2°, respectively. However, these 
peaks were observed at higher angles in the case of the PtCo 
catalysts but eventually shifted to the same positions as for Pt/C 
after the reaction test. The initial shifts in the peak positions 
to higher angles for the PtCo catalysts indicate a decrease in 
the lattice constant in the presence of Co, which indicates the 
formation of a PtCo alloy. The extent of alloy formation was 
smaller for PtCo02(C)600 than for PtCo10(1)650 because the 
former contained a smaller amount of Co. The final return of 
the peak positions to those of Pt/C after the test suggests that 
the alloy effect was almost eliminated due to Co dissolution in 
the acidic solution, as is frequently observed in the practical 
operations of the PEMFC [4,34]. 

Table 1 shows the relative amounts Co dissolved from the 
sample catalysts before and after the test reaction. The relative 
amounts of dissolved Co were 0.60 and 0.63 for PtCo05(1)650 
and PtCo10(1)650, respectively, while the amount was only 0.30 


Table 1 
The amounts of Co dissolved in sulfuric acid solution during activity test 


Sample Initial, After test, Co dissolution 
Co/Pt (A) Co/Pt (B) (A— BVA 
PtCo05(1D650 0.5 0.20 0.60 
PtCo10(1)650 1 0.37 0.63 
PtCo02(C)600 0.2 0.14 0.30 


Tested at 0.9 V vs. NHE and 60°C in 1 M H250; for 6000 s. 
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Fig. 9. (1) The correlation between the Co content (measured by EDS) and the 
particle size (measured by TEM) for PtCo10(1)650 before (W) and after (0) 
the activity test. The test was conducted for oxygen reduction at 0.9 V vs. NHE 
in 1 M H250; at 60°C for 6000s. (2) The correlation between the Co content 
(EDS) and the particle size (TEM) for PtCo02(C)600 before (W) and after (C1) 
the activity test. The test was conducted for oxygen reduction at 0.9 V vs. NHE 
in 1 M H2SO, at 60°C for 6000 s. 


for PtCo02(C)600. It should be noted that the extent of Co dis- 
solution was similar for the two PtCo(D/C catalysts even though 
their initial Co content was quite different. Therefore, Co was 
dissolved from PtCo(C)/C to a lesser extent than from PtCo(D/C. 

EDS was used to quantify the Co contained in the individual 
particles before and after the reaction tests in order to determine 
the extent of Co dissolution from the catalysts. The results shown 
in Fig. 9 need to be analyzed in three aspects. The first aspect 
is that the Co content of the individual particles was higher in 
the larger particles, which suggests that Co affects the particle 
size by forming aggregates of Co and Pt. The above result is 
indirect evidence showing that the added Co interacts with Pt 
particles. The second aspect is that the Co contents in the parti- 
cles of the same sizes before the reaction test were significantly 
larger for the PtCo10(1)650 catalyst than for the PtCo02(C)600. 
This result can be obtained when relatively large amounts of Co 
are associated with the Pt particles or are dispersed as indepen- 
dent particles on the support in PtCo(I)650 compared with the 
case of PtCo02(C)600. The third aspect is that, after the reaction 
test, the Co content of the particles were decreased significantly 
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for PtCo10(1)650 but was only decreased to a small extent for 
PtCo02(C)600. Overall, in PtCo(C)/C, the added Co interacts 
closely with Pt and is stabilized by alloy formation while, with 
PtCo(D/C, the Co species are loosely associated with Pt and 
are more prone to dissolution in an acidic solution than the 
PtCo(C)/C catalyst. 

There is a discrepancy in the relative amounts of dissolved Co 
shown Table 1 and Fig. 9, which were obtained in the dissolution 
tests carried out under the identical conditions. The discrepancy 
was obtained because, in the case of Fig. 9, the Co contents were 
obtained by analyzing the individual particles of the same sizes. 
However, the Co content should be integrated over the whole 
range of particle sizes, as was done for the analysis in Table 1. 


4. Conclusion 


Pt/C catalysts promoted by Co deposited selectively on the 
Pt surface by CVD showed higher ORR activities at a smaller 
Co content than those containing Co added by impregnation. 
The rate of degradation in the catalytic activity for ORR of the 
PtCo(D/C catalyst after the test reaction for 6000 s was approx- 
imately double that of the PtCo(C)/C catalysts. The amount 
of Co dissolved in the acidic electrolyte after the reaction for 
6000s were also smaller in the PtCo(C)/C catalyst (approxi- 
mately 50%) than in the PtCo(D/C catalyst. 

Consequently, a PtCo alloy was formed more efficiently in 
the catalyst containing Co deposited by CVD as a result of the 
strong interaction between the Pt and Co, which promoted the 
activity and acid-resistance of the catalyst. 
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